It has been shown, that the repetition related reduction of the blood-oxygen level dependent (BOLD) signal is modulated by the probability of repetitions (P(rep)) for faces (Summerfield et al., 2008) , providing support for the predictive coding (PC) model of visual perception (Rao and Ballard, 1999) . However, the stage of face processing where repetition suppression (RS) is modulated by P(rep) is still unclear. Face inversion is known to interrupt higher level configural/holistic face processing steps and if modulation of RS by P(rep) takes place at these stages of face processing, P(rep) effects are expected to be reduced for inverted when compared to upright faces. Therefore, here we aimed at investigating whether P(rep) effects on RS observed for face stimuli originate at the higher-level configural/holistic stages of face processing by comparing the effect of P(rep) on RS for upright and inverted faces. Similarly to previous studies, we manipulated P(rep) for pairs of stimuli in individual blocks of fMRI recordings. This manipulation significantly influenced repetition suppression in the posterior FFA, the OFA and the LO, independently of stimulus orientation. Our results thus reveal that RS in the ventral visual stream is modulated by P(rep) even in the case of face inversion and hence strongly compromised configural/holistic face processing. An additional wholebrain analysis could not identify any areas where the modulatory effect of probability was orientation specific either. These findings imply that P(rep) effects on RS might originate from the earlier stages of face processing.
Introduction
A large body of experiments found, using various electrophysiological and neuroimaging techniques, that the neural activity decreases as a given stimulus is repeated (Gross et al., 1967; Gross et al., 1969; Wiggs and Martin, 1998; Henson and Rugg, 2003; Schacter et al., 2004; Grill-Spector et al., 2006; Krekelberg et al., 2006) . The neural mechanisms of this reduced neural activity (denoted as repetition suppression (RS) or adaptation) for repeated stimuli when compared to non-repeated ones are unclear as of today. While one explanation suggests that RS is related to the local alteration of the synaptic inputs/spike frequency of the neurons (Priebe et al., 2002; Kohn and Movshon, 2003; Sawamura et al., 2006; De Baene and Vogels, 2010) , the theory of predictive coding (PC) suggests the involvement of top-down connections in determining RS. In the PC approach of visual processing Rao and Ballard (1999) proposed that hierarchically higher areas shape and predict the tuning properties of lower level areas via strong feedback connections. Lower level areas then, in turn, compute the differences (or discrepancies) between the top-down predictions and the actual sensory input. This discrepancy or residual prediction error signal (ε) is then forwarded to higher areas to re-estimate and update the predictions. The more closely a top-down prediction matches the incoming sensory input, the smaller the feed-forward ε is, which maximizes the "efficiency" of the CNS in the sense that the neural activity evoked by predicted stimuli is less than that evoked by novel and hence unexpected stimuli (Friston and Kiebel, 2009 ). According to PC accounts RS reflects the reduction of ε during subsequent bottom-up/top-down processing iterations within a hierarchical system (Kveraga et al., 2007) : repeating a stimulus (or adapting to it) leads to its increased expectation and recalibrates the predictions such that the adapted stimulus evokes reduced ε, which leads to RS in an area.
Indeed, in recent years a large body of direct evidence emerged that supports the PC explanation of RS. The first was Summerfield et al. (2008) who, using functional magnetic resonance imaging (fMRI), showed that the repetition probability (P(rep)) of a stimulus determines the degree of RS: the neuroimaging marker of RS, the fMRI adaptation (fMRIa) of the blood oxygenation level-dependent (BOLD) signal, was significantly larger in the fusiform face area (FFA) in blocks with high P(rep) of face stimuli than in blocks where repetitions were less frequent. This suggests that the modulation of P(rep) allows the subjects to build and modify expectations whether stimulus repetition is likely to occur in a given block or not and that expectation of repetition reduces the BOLD signal further.
Later, several studies replicated these results for human faces. Larsson and Smith (2012) found that P(rep) influences fMRIa in several visual areas, provided the subjects attended the face stimuli. Kovács et al. (2012) showed that P(rep) influenced fMRIa equally for overlapping and nonoverlapping peripheral stimulus arrangements in the FFA and the occipital face area (OFA). In an EEG study Summerfield et al. (2011) added the factor of stability/volatility to their previous design in a way that the probabilities of repetition and alternation changed in every 10 (volatile) or only in every 30-40 trials (stable). They found that P(rep) affected RS only during the stable periods, suggesting that the rate of change of probability of repetitions plays a significant role in determining the magnitude of RS. Egner et al. (2010) used a cueing paradigm to manipulate perceptual expectation while varying stimulus features (faces or houses) and found that the two factors interacted, whereby expectation determined the feature selectivity of FFA, a result that is most efficiently explained by PC models. Altogether, these neuroimaging and electrophysiological studies suggest that the attenuated neural response for repeated stimuli is a direct neural correlate of reduced ε of the bottom-up and top-down representations, as suggested by the predictive coding models of neural functions (Friston, 2005) . Note however, that the role of stimulus expectation in generating RS for non-face stimuli has been directly called into question by some recent studies (Grotheer and Kovács, 2014; Kaliukhovich and Vogels, 2011; Kovács et al., 2013 ; but for a different conclusion see Mayrhauser et al., 2014) . First of all, Kaliukhovich and Vogels (2011) , using single-cell recordings in macaque monkeys, found no effect of P(rep) on RS. Similarly, Kovács et al. (2013) showed an effect of stimulus expectation for faces but not for chairs and other every-day objects. Finally, Grotheer and Kovács (2014) found that P(rep) affects RS only for stimuli of expertise. The current study aims at elucidating this unexpected category specificity of the P(rep) effect on fMRIa.
Most theoretical accounts of face perception agree that faces differ from other visual stimuli in their processing in the sense that, as a result of extensive every-day expertise (Bukach et al., 2006) , they undergo relatively little decomposition into component parts (Farah et al., 1998) . Instead, information across the spatial relations of facial features are integrated into a holistic unit, gestalt or global representation that is more than the combined sum of individual features (Maurer et al., 2002) . These configural and/or holistic processes 1 are specific, higher-level mechanisms of the encoding of upright faces and other categories of high expertise (Gauthier and Tarr, 2002; Rossion, 2008) .
Weather earlier steps, responsible for the structural description of facial features or relatively later, configural/holistic stages of face processing are affected by P(rep) effects is unclear as of today. One possibility is that the extensive experience we have with faces leads to enhanced configural/holistic processing of stimuli (Bukach et al., 2006) , which, in turn, gives rise to the P(rep) effects. In other words, theoretically it is possible that only the configural/holistic processing stages, which are specific for faces are affected by P(rep) and that this explains the face specificity of probability effects (Kaliukhovich and Vogels, 2011; Kovács et al., 2013) .
Experimentally, configural/holistic processing is measured by tasks such as the whole-part task,
showing the superiority of wholes over parts (Tanaka and Farah, 1993) , the composite task (Young et al., 1987) and the face inversion effect (FIE; Yin, 1969) . FIE is an observation that a 180-degree in-plane rotation impairs recognition significantly more for faces than for non-face objects. Most current studies suggest that since inversion preserves the low-level features of faces, the FIE is attributed to the interruption of higher-level processes such as the configural processing of spatial relationships of object parts as well as the face specific holistic processing (Rossion and Gauthier, 2002; Rossion, 2008 ; but see Yovel and Kanwisher, 2004 for another conclusion). Therefore, it seems that inversion leads to qualitatively different processing of stimuli belonging to categories of high expertise, such as faces. In line with this specificity, recent behavioral electrophysiological and neuroimaging results suggest that the visual system processes inverted faces more similarly to nonface objects than to upright faces (Haxby et al., 1999; Rossion et al., 2000; Rosburg et al., 2010; Kloth et al., 2013) .
Therefore, we reasoned that if the face-specificity of P(rep) effects is due to the unique (holistic/configural) processing steps of an upright face then stimulus inversion, a manipulation that interrupts these processing steps, should interfere with the modulatory effects of P(rep) as well.
However, if inversion does not affect P(rep) modulations of RS, the face-specificity of this effect can't be explained by the holistic/configural face processing steps.
Materials and Methods

Subjects
Thirty healthy volunteers (8 male; 2 left-handed; mean age (±SD): 22.8 (3.2) years) participated in the experiment. All subjects had normal or corrected to normal vision and gave informed written consent in accordance with the protocols approved by the Ethical Committee of the FriedrichSchiller-University of Jena. One subject had to be excluded from the study due to technical difficulties in the acquisition of the data, while in three subjects the regions of interests could not be identified reliably. Therefore the present results are based on the data of 26 subjects.
Stimulation and Procedure
The experimental design of the current study was similar to that of Summerfield et al. (2008) and to that of Kovács et al. (2012) , with the exception that the face stimuli were presented in two different orientations ( Fig 1A) . 240 gray-scale, digital photos of full-frontal Caucasian faces, similar to the face stimuli of (Kovács et al., 2012; Kovács et al., 2013) , were fit behind a circular mask (diameter=5.5°) and either presented upright (UPR), or inverted (INV) in different runs of fMRI recordings. No stimulus occurred in more than one trial during each run. Stimuli were placed in the center of the screen on a uniform grey background. They were presented for 250 ms each pairwise, separated by an inter-stimulus interval that varied between 400 and 600 ms and followed randomly by a 1 or 2 sec long inter-trial interval. The first stimulus (S1), was either identical to (Repetition Trial, RepT) or different from the second stimulus (S2) (Alternation Trial, AltT). All stimuli were presented with 2.75° visual angle in non-target trials, target stimuli were reduced in size by 54%. To reduce local feature adaptation the size of either S1 or S2 (chosen randomly) was reduced by 18%. Stimuli were back-projected via an LCD video projector (NEC GT 1150, NEC Deutschland GmbH, Ismaning, Germany, with modified lens for short focal point) onto a translucent circular screen, placed inside the scanner bore. Presentation was controlled via Matlab R2013a (The MathWorks, Natick, MA, USA), using Psychtoolbox (Version 3.0.9). In addition to the different trial types, two different types of blocks were presented to the subjects ( Fig 1B) . In the Repetition Blocks (RepB) 75% of the nontarget trials were RepT while 25% were AltT. In the Alternation Blocks (AltB) 75% of the non-target trials were AltT and 25% were RepT. With the exception of the first four trials of each block, which always consisted out of the more frequent trial type of that specific block (RepT in RepB and AltT in AltB), RepT and AltT were presented randomly within the blocks. In addition, 20% of all trials were target trials, whereas target trials could be AltT or RepT with the same relative probability. Hence, overall, Alternation Blocks contained 70% AltT and 30% RepT and Repetition Blocks consisted of 70% RepT and 30% AltT (identical to the paradigm of Summerfield et al., 2008) . Both Alternation and Repetition Blocks contained 20 trials and were repeated 4 times during each run, so that a run contained 160 trials. The different blocks were separated from each other by a 7 sec pause during which the phrase "Short Break" was presented centrally together with a countdown. The participants' task was to maintain central fixation throughout the trials and to signal the occurrence of target stimuli by pressing a button. Four runs were presented in total, whereas the order of upright and upside-down runs was counterbalanced across subjects.
-- Figure 1 about here --
Imaging Parameters and Data Analysis
A 3-Tesla MR scanner (Siemens Magnetom Trio, Erlangen, Germany) was used to perform the study. During the functional blocks we continuously acquired images (34 slices, 10° tilted relative to axial, T2* weighted EPI sequence, TR =2000 ms; TE = 30 ms; flip angle = 90°; 64 x 64 matrices; inplane resolution: 3x3 mm; slice thickness: 3 mm; 20 % inter-slice interval). To additionally obtain a 3D structural scan, high-resolution sagittal T1-weighted images were acquired using a magnetization EPI sequence (MP-RAGE; TR = 2300 ms; TE = 3.03 ms; 1 mm isotropic voxel size). Details of preprocessing and statistical analysis are described elsewhere (Cziraki et al., 2010) . Briefly, the functional images were realigned, normalized to the MNI-152 space, resampled to 2 x 2 x 2 mm 
Results
Performance
The subjects detected the target stimuli for the UPR and INV conditions on average with 80.1 and 82.9 % (4.3 and 4.00 % ±SE) accuracy (statistically not different (F(1,25)=3.4, p=0.14, η p ²=0.1), respectively. During informal questioning at the end of the experiment none of the subjects reported awareness of the different repetition probabilities in the presented blocks.
ROI analyses
Posterior FFA
We observed larger BOLD responses in the right, when compared to the left pFFA (main effect of hemisphere: F(1,24)=24.93, p=0.00004, η p ²=0.50), but this effect was not in interaction with any other factors. A significant RS was found in the pFFA (Fig 3A; on repetition suppression, independently of the orientation of the face stimulus.
In accordance with these results, the RSI (Fig 3B) . These results support further the conclusion that the observed repetition suppression in the pFFA is independent of the orientation of the stimulus.
-- Figure 3 about here --
OFA
As in the pFFA, the probability of face repetition influenced repetition suppression significantly in the OFA (Fig 4A) However, the effect of orientation did not interact with any other factors. We found P(rep) modulatory effects in LO (Fig 4B) , as indicated by the block x trial interaction (F(1,25)=16.23, p=0.0005, η p ²=0.39). This effect was due to the fact that significant RS was observed in the RepB that the modulatory effect of P(rep) is independent of the orientation of the face stimuli.
Whole-brain analyses
Orientation:
It is theoretically possible that the neural processing of UPR and INV faces differs outside the areas of the core face-processing network, tested by the ROI based analysis of the current study.
Therefore, first we performed a second-level whole-brain analysis for the UPR vs INV contrast. This indicated no significant activations with the commonly applied rigorous threshold of p FWE < 0.05 (cluster extent of >50). However, in order to ensure that no activations were overlooked, we also applied a more liberal threshold (p<0.0001 UNCORRECTED ; cluster extent of >20 voxels) and found one cluster of activation in the right cingulate gyrus (Fig 5A; suggest the involvement of the area in configural/holistic face processing without any RS or predictive effects. However, these conclusions should be considered with caution as the location of this ROI was derived from the same data set as it was tested on (for the issue of "double-dipping"
see Kriegeskorte et al., 2009 ). The opposite contrast (INV vs UPR) led to significant clusters of activation in the LO as well as in the left postcentral gyrus (Fig 5A; MNI coordinates: 36, 4; 2; 34; cluster sizes: 194; 227; 83; threshold: p<0 .0001 UNCORRECTED ; cluster extent of >20 voxels), supporting the main effect of orientation, observed in our ROI based analysis as described above.
Repetition probability effects
Next, to test whether other areas possibly reflect the repetition probability modulation effects as well, we also performed whole-brain second-level random-effects analyses separately for the UPR and RepB_RepT)], i.e. the P(rep) effect on RS, showed significant activations in the lingual gyrus, corresponding to the early visual areas for UPR (Fig 5B, left; MNI coordinates: -12, -78, -2; -10, -88, 18; cluster sizes: 63; 90; threshold: p FWE < 0.05 cluster extent of >50) and with a more liberal threshold also for INV (Fig 5B; MNI coordinates: 14, -80, -10; cluster size: 33; threshold:
p<0.0001 UNCORRECTED ; cluster extent of >20 voxels). The same threshold identified an additional cluster of activations in the superior temporal gyrus, corresponding to the anterior STS (Fig 5B, middle), for upright faces (MNI coordinates: 56, -16, -2; -60, -44, 4; cluster sizes: 237; 326; threshold:
p<0.0001 UNCORRECTED ; cluster extent of >20 voxels) but not for inverted faces (Fig 5B, right) .
Orientation specific probability effects:
To test explicitly the orientation dependence of the observed P(rep) effect in STS we performed an additional ROI analyses using this average cluster on a subject-by-subject basis. We found significant interaction of block and trial (F(1,25)=36.12, p=0.000003, η p ²=0.59) without a main effect of trial (F(1,25)=0.18, p=0.67, η p ²=0.007) or block (F(1,25)=0.22, p=0.64, η p ²=0.009). Most importantly, neither the main effect of stimulus orientation nor any of its interactions were significant (p>0.1 for each comparison). To further confirm that no other cortical area shows orientation specific P(rep) effects on RS we performed a whole-brain group analysis testing the three-way interaction of orientation x block x trial as well (following the method by Henson and Penny, 2003) . This analysis revealed no significant clusters even with a very liberal threshold (p<0.001, cluster extend 20 voxels).
Overall our results hence suggest that repetition modulation effects are independent of holistic/configural processing.
Discussion
We found that repetition probability affects the magnitude of repetition suppression in the pFFA, the OFA and the LO for upright and inverted faces similarly. As face inversion leads to the interruption of configural/holistic steps of face processing, our results suggest that P(rep) effects on RS might originate either from the early structural or from later, post-configural stages of face processing.
Most theories of face perception agree that upright faces are processed qualitatively differently from inverted faces, although the exact nature of this difference is currently under heavy debate (for reviews see Rossion and Gauthier, 2002; Tanaka and Gordon, 2011) . Several studies suggested that face inversion disturbs the processing of configural/holistic information in a face more than that of the facial features either overall across the entire face (Rhodes et al., 1993; Cabeza and Kato, 2000; Freire et al., 2000; Leder and Bruce, 2000; Barton et al., 2001; Leder et al., 2001; Rossion and Gauthier, 2002; Leder and Carbon, 2006) or at least in the lower, mouth region (Xu and Tanaka, 2013; Tanaka et al, 2009 ). Other studies, however, emphasize that the processing of featural and configural information are equally disrupted by face inversion (Riesenhuber et al., 2004; Yovel and Kanwisher, 2004 ; for a review see Tanaka and Gordon, 2011) . Despite the lack of consensus regarding the details 2 , common to all these studies is the assumption that certain mechanisms, exclusively involved in the processing of upright faces are interrupted by picture-plane inversion.
Recent results extend this notion further and suggest that the processing of inverted faces is more similar to the processing of non-face objects than to that of upright faces (Haxby et al., 1999; Rossion et al., 2000; Rosburg et al., 2010; Kloth et al., 2013) , presumably due to the enhanced functional connectivity of the face specific areas with higher-order object sensitive areas (Nguyen et al., 2013) . These findings could also explain the increased bold response to inverted as opposed to upright faces, which we observed in the object sensitive LO.
Interestingly, both the configural and the joint feature + configural accounts of the face inversion effect suggest the FFA as the cortical area where the differential processing of UPR and INV faces occurs Kanwisher, 2004, 2005; Mazard et al., 2006; Maurer et al., 2007; Rhodes et al., 2009 ). The fact, however, that the magnitude of RS was similar for UPR and INV faces in the current experiment argues against the FFA being sensitive to picture-plain inversion. Our results rather support those of a recent study (James et al., 2013 ) that showed, using multiple combinations of features with and without the context of a whole face, that the FFA is unlikely to be the site of the face specific processes that are responsible for producing the FIE. On the other hand, other studies found larger fMRIa for UPR when compared to INV faces (Mazard et al., 2006; Schiltz and Rossion, 2006) in the FFA. The conflicting results might be explained by the fact that previous studies used a block design and several repetitions of the images while our current event-related design involved the presentation of pairs of stimuli. Further research is required to ultimately elucidate whether or not the FFA is sensitive to face inversion.
Predictive coding is one of the universal theories of visual information processing. It postulates that vision is a hierarchical process in which higher order areas shape and predict the tuning properties of lower level areas via strong feedback connections (Friston, 2005) . This is achieved by suppressing the repeated or predicted, and hence redundant, neural responses in lower level areas that are consistent with the higher level expectations, resulting in a suppressed response of these neuronal populations and in an efficient encoding mechanism (Friston and Kiebel, 2009 ).
Given the universal nature of PC models it is surprising that some recent results are at odds with the PC explanations of repetition related response suppressions of cortical neurons. Two studies, using non-face stimuli, found no evidences of repetition probability modulations of RS in the macaque inferior temporal cortex (Kaliukhovich and Vogels, 2011) and in the human lateral occipital cortex (Kovács et al., 2013) . These results with natural objects, fractals and chairs as stimuli are in strong contrast with those studies which found a significant modulation of RS by P(rep) for faces (Summerfield et al., 2008; Kovács et al., 2012; Larsson and Smith, 2012) as well as for voices (Andics et al., 2013) . Indeed, recently, Grotheer and Kovács (2014) could demonstrate P(rep) effects for roman letters, another object category with which literate humans have great experience and which shows inversion effects in expert subjects (Bruyer, and Crispeels, 1992) . Their study was, however, not designed to test the underlying mechanisms by which expertise might facilitate P(rep) effects.
One possibility is that extensive experience leads to enhanced holistic/configural processing of stimuli (Bukach et al., 2006) , which, in turn, gives rise to the P(rep) effects for faces. However, the results of the current study make this explanation unlikely, as similar P(rep) effects on RS were observed for upright and inverted faces. The fact that we observed P(rep) modulations in the early visual areas, LO, OFA, STS and posterior FFA for both upright and inverted faces supports the results of Larsson and Smith (2012) who showed P(rep) effects throughout the ventral visual cortex for upright faces and extends those results by showing that P(rep) influences RS for upright and inverted faces in these areas similarly.
In summary, we observed an effect of contextual information on repetition suppression for faces in the ventral visual stream, which was independent of the orientation of the stimuli. These findings suggest that the specific configural/holistic processing steps of faces do not affect the probability modulation of repetition suppression. 
